c o m p u t e r m e t h o d s a n d p r o g r a m s i n b i o m e d i c i n e 9 2 ( 2 0 0 8 ) [54][55][56][57][58][59][60][61][62][63][64][65] j o u r n a l h o m e p a g e : w w w . i n t l . e l s e v i e r h e a l t h . c o m / j o u r n a l s / c m p b and estimation of the numbers of genuine versus random multiple events.
Introduction
The Elispot has been invaluable for detecting the frequencies of cells secreting specific proteins, particularly antigenspecific lymphocytes that are often present at very low frequencies in normal populations, such as B cells and plasma cells secreting antibodies, and T cells secreting cytokines. The Elispot is as sensitive as competing methods such as intracellular cytokine staining and flow cytometry, and typically has a very low background. However, a significant limitation of the Elispot is its restriction to mainly single-parameter detection. Although two-color Elispots have been used [1] [2] [3] , the detection of two colors by precipitating reagents has the limitation that large amounts of precipitate of one color may obscure low amounts of the other color. The utility of immunospot assays has been further extended by using fluorescent reagents in the two-color Fluorospot assay [4] [5] [6] . This opens up the potential to extend the assay to three or more parameters. Identification of multiple products secreted by single cells is particularly important for defining antigen-specific T cells, as the cytokine patterns secreted by individual differentiated effector T cells are major determinants of their function, and it is becoming clear that there are more subsets of effector T cells than the Th1 and Th2 subsets. Among CD4 T cells, Th1, Th2, Thpp, Th0, Th17 and Treg cells all secrete different cytokine patterns [7] [8] [9] [10] [11] , and the analysis of normal T cell populations suggests that additional types will be discovered. Thus multiparameter detection of secreted cytokines would be a valuable tool for quantifying rare antigen-specific T cell phenotypes.
Even for Elispots, automated counting is preferable to manual methods because of subjective effects, and automated image processing is essential to extract all useful information from the complex multicolor Fluorospot data. In addition to the identification and counting of spots, multicolor fluorescent assays can potentially identify double-, triple-and multiple-producer cells, and quantify the relative amounts of each product. The exact position of spots in different channels may vary slightly due to cell migration or assay effects, resulting in difficult decisions regarding which spots in different channels were derived from the same cell.
To take advantage of the potential of multicolor spot assays, we have extended the Fluorospot method to two-and three-color single-cell cytokine secretion assays for several combinations of mouse and human cytokines. These assays use multiple species-specific reagents, biotin-streptavidin and FITC-anti-FITC strategies to clearly separate the different cytokines. We have also developed software to locate and evaluate spots in two, three or more colors. Exploraspot is an automated counting program optimized for detection and quantitation of Fluorospots in images captured by an automated fluorescent microscope. Several parameters, including size, intensity, locations, circularity and others are calculated for each spot, and after segmentation, coincident spots in different colors are assigned. The coincidence parameters can be adjusted by the user to optimize the distinction between double-producing cells and adjacent single-producing cells. The resulting data are exported in FCS format, which takes advantage of the sophisticated multi-parameter analysis programs developed for the analysis of flow cytometry data. We present here an analysis of the accuracy and robustness of the multicolor Fluorospot and the Exploraspot program.
Methods

Reagents and antibodies
Anti-mouse IL-4 (11B11 [12] ) and anti-mouse IFN-␥ (AN18) antibodies were produced in our laboratory. Purified antimouse IL-2 (JES6-1A12), biotinylated anti-mouse IL-2 (JES6-5H), purified anti-CD3 (145-2C11) and purified anti-CD28 (37.51) were purchased from eBioscience (San Diego, CA 
Cells
Mouse Th1 and Th2 cells were produced as described previously [13] by stimulating sorted CD62L + CD44 − CD4 + CD8 − naïve CD4 T cells derived from C57Bl/6 splenocytes with the allogeneic cell line TA3. Cells were cultured in RPMI 1640 containing 8% fetal bovine serum in the presence of 1 ng/ml IL-2 and either 1 ng/ml IL-12 or 5 ng/ml IL-4, respectively. After at least 5 days to allow differentiation cells were restimulated in cytokine assays. A mixed population of allospecific CD4 T cell phenotypes was derived similarly, except that the cultures were supplemented with 1 ng/ml IL-2, 5 ng/ml IL-7, 10 pg/ml IL-12, 0.2 ng/ml IL-4, and 2 g/ml progesterone. Human PBMC were stimulated in intracellular cytokine staining (ICS) and Fluorospot assays as described previously [5] . Briefly, PBMC were purified from whole blood by FicollHypaque separation. For ICS, cells were stimulated with influenza antigen for 2 h, and then influenza-stimulated and control cultures were incubated with brefeldin and monensin to induce accumulation of intracellular cytokines. Cells were permeabilized, fixed and stained with antibodies specific for IL-2, IFN␥, CD4 and CD8. Stained cells were analyzed on a Becton Dickinson LSR-II cytometer. Fluorospot assays were carried out as below except that influenza vaccine was used as antigen.
Fluorospot
Multiscreen HTS plates (MSIPN4550, Millipore Corporation, Marlborough, MA) were coated with the specified combinations of 10 g/ml purified anti-IL-2, anti-IL-4, and anti-MIP-1␣ and 2 g/ml anti-IFN-␥ antibodies as well as purified anti-CD3 at 2 g/ml and purified anti-CD28 at 1 g/ml for cell stimulation. After 2 h at room temperature or overnight at 4 • C, plates were washed three times with RPMI 8% FBS + 50 M ␤2-mercaptoethanol + penicillin-streptomycin-fungizone. Cells were added along with secondary antibodies: biotinylated anti-IL-2, goat anti-IL-4, goat anti-MIP1␣, and/or rabbit anti-IFN␥ all at a final concentration of 1 g/ml. After incubation for 18 h at 37 • C, plates were washed in PBS containing 0.1% Tween 20 and detection reagents (Streptavidin-Cy5, mouse anti-goat IgG Cy3, mouse anti-rabbit IgG Cy2) were added to the plates at 2 g/ml for 30 min at room temperature. Plates were then washed, allowed to soak in PBS containing 0.1% Tween 20 for 90 min and rinsed with cold water before being dried in an air current.
Image capture
Filter bottoms were removed from 96-well Fluorospot plates onto an adhesive sheet, and each of the 96 wells was captured as an individual image using a Nikon Eclipse E400 microscope and a SPOT RT SE monochrome camera, with filter cubes to resolve different fluorochromes (i.e. two or three grayscale images per well, later assigned to RGB color-space).
The camera resolution and microscope magnification resulted in a resolution of 150 pixels per mm, giving an image of 1000 × 1000 pixels for each 6-mm diameter well, for a pixel size of 44.44 m 2 . This resolution was sufficient even for small Fluorospots, e.g. those produced in 4-h assays. Images were saved as 8-bit monochrome (or 24-bit for RGB) files. Stage movement and filter cube changing were automated using IPLabs software, so that each plate could be read in 20-40 min without the presence of an operator.
Spot-localization process
All algorithms as well as the Graphical User Interface (GUI) were developed in MATLAB (The Mathworks, Natick, MA), which is required for their use. The image in each channel was initially processed independently from the other channels. Image contrast was enhanced using a custom Laplacian filter, and noise was reduced using a 3 × 3 median filter applied one to three times. The image was then inverted and a watershed transform applied. The watershed image was converted to binary. Non-uniform background was then approximated from the filtered image using the watershed image as a mask.
The background was then subtracted from the filtered image, and segmented by a user-defined threshold. Final segmentation was achieved by multiplying the segmented image by the binary watershed image. Each segment, representing a spot, was then assigned a unique identification number. These segments were used for subsequent spot measurements.
Background approximation
The filtered image was multiplied by the inverse watershed image, which created a map of all low intensity regions between signal peaks (all other regions became 0). The resulting image was then binned to 1/625 of its original size, with the 10th percentile value of all non-zero values assigned to each respective bin. If no non-zero values existed for a bin, the bin value became zero and was considered an empty bin. Values for empty bins were determined by interpolation using a soap film partial differential equation. The binned image was then enlarged to the original size using a 2D interpolation by cubic spline. This resulted in a strong approximation of any non-uniform background fluorescence.
Single-channel image measurements
All measurements were derived from the original, unmodified image after subtraction of the background as determined above. Area equaled the number of pixels (each 44.44 m 2 , see above) in a spot. Center of Mass was determined by measuring the average position of pixels (weighted by each pixel's respective intensity) in a spot. Net Intensity was the summation of all intensity values within a spot minus the Local Background. Local Background equaled the mean intensity of the perimeter pixels of a spot multiplied by the area (in pixels) of the spot (note that the local background was typically very low, as most of the background was subtracted in the step described above). Circularity was determined by evaluating the radial variability of a spot by measuring the distance from the Spot Center of Mass to each of its perimeter pixels. The mean ( ) of the radii minus two standard deviations (2 ) was divided by the mean ( ), i.e. ( − 2 )/ , negative values were reassigned to zero, and the result multiplied by 100 to represent Circularity as a pseudo-percentage. Background Variance was defined as the statistical variance of the background approximation image. Each of these parameters was determined independently for each channel.
Image manipulations for random double-color events
To measure the number of random double-color events in images containing more than 400 events (data for Fig. 3D ), multiple Fluorospot images were combined (by addition) to obtain the requisite event numbers for analysis. Image combinations used red and green channels only, with channels mismatched intentionally to simulate genuine randomness of spot locations between channels. Direct addition of N multiple images extended the maximum possible intensity value in an image to N × 255. Because no more than 32 images were combined at any one time, all images for this experiment were therefore processed as 16-bit images.
Image manipulations for background tolerance
Fluorospot images (192) were divided into three categories containing: A: normal image: variable spot number, background variance <0.078, B: low background image: spot count <20, background variance <0.078, C: high background image: spot count <20, background variance >0.235. Intensity values for all images were then multiplied by 0.5 to allow for image addition while constraining intensities to 8 bits. Two sets of 96 RGB images were then constructed from these single-channel Fluorospot images: A + B (normal + low background) and A + C (normal + high background). For example, to create an A + B image, one A and one B image were added together and assigned to the red channel, the individual A was assigned to the green channel, and the individual B assigned to blue. This multi-channel assignment strategy enabled the program to find colocalized spots, and determine which spots were conserved, gained or lost in the combined image.
Results
Demonstration of two-and three-color Fluorospot assay using defined cell types
The ability of the two-color Fluorospot assay to reliably detect double-and single-producing T cells was tested by using Th1 cells, producing both IFN-␥ and MIP-1␣ (mostly doubleproducers), and a mixture of Th1 and Th2 cells producing IFN-␥ and IL-4, respectively (single-producers). Visual examination of the IFN-␥ and MIP-1␣ results for Th1 cells shows that most of the green (IFN-␥) or red (MIP-1␣) spots were coincident, so that the two-channel image (Fig. 1A, bottom) contained mostly yellow and orange spots indicating that most cells produced both cytokines. In contrast, when a mixture of Th1 and Th2 cells was tested (Fig. 1B) almost all green spots (IFN-␥) were not coincident with red spots (IL-4), which confirmed that these cytokines were produced by different cells. Similar resolution of single-and double-producers has been obtained in two-color assays for mouse IL-2 + IFN-␥; mouse IL-4 + IL-5; mouse IL-2 + IL-17 (data not shown); human IL-2 + IFN-␥ [5] ; and human IFN-␥ + IL-10 [6] .
As T cell cytokine secretion phenotypes are complex [14] [15] [16] , two-color assays do not fully resolve the differences between phenotypes such as Thpp (IL-2+ IFN-␥− IL-4−), Th1 (IL-2+ IFN-␥+ IL-4−), and Th0 (IL-2+ IFN-␥+ IL-4+). We have therefore established three-color Fluorospot methods for these cytokines and for mouse IL-2, IFN-␥, and MIP1-␣. To demonstrate the ability of the three-color Fluorospot assay to identify complex phenotypes, naïve mouse T cells were stimulated with alloantigen in culture conditions (IL-2, IL-12, IL-4, IL-7, and progesterone) that induced differentiation into a mixture of phenotypes, then restimulated in a Fluorospot assay for IL-2, IFN-␥ and MIP-1␣ (Fig. 1C) . Most of the seven possible cytokine combinations could be identified in this population, although cells producing IFN-␥ without MIP-1␣ were rare, as expected [13, 15] .
Thus two-and three-color Fluorospot assays can effectively identify a range of T cell cytokine secretion phenotypes. However, visual analysis of the results is time consuming; cannot quantify the relative intensities of different spots; and introduces subjective errors in counting and determination of coincident spots. We have therefore developed automated counting and analysis software for Fluorospot assays, using the assays above to evaluate the performance of the software.
3.2.
Exploraspot image analysis system
Single-channel processing
Significant differences between channels can occur due to biological variations (cell movement, cytokine secretion kinetics), or technical variations (filter backgrounds, microscope alignment, convection). Therefore, the Exploraspot program initially processes each channel independently by the same basic routine, but each channel can be customized by adjusting parameters controlling background approximation, thresholding, image smoothing, and artifact exclusion. This strategy means that the program is readily scalable to three or more channels. A three-channel image will be described in the following explanation of Exploraspot processing.
Single-channel spot identification and measurement
The Exploraspot quantification process begins by loading images into the Exploraspot workspace. The program separates each control image into individual channels, and provides direct visual feedback while the user optimizes the image processing parameters and artifact exclusion gates for each channel (Fig. 2A) . The following algorithm (Fig. 2B) 
Classification of single-and multi-channel events
Even though three different cytokines (three different-color spots) may be generated by the same individual cell, the perimeters and centers of the spots may vary slightly in their respective channels for the reasons mentioned above. Exploraspot provides tools to both measure and correct for this variation by evaluating coincidence between spot locations in different channels.
Determination of coincidence between spots in different channels
Coincidence is determined computationally by finding the 2D distance between the Centers of Mass of any two spots in different channels, and applying a user-defined Coincidence Limit (CL). If the measured distance is less than or equal to the specified Coincidence Limit, then the spots are considered to be coincident (Fig. 3A) .
Optimizing coincidence limits by random overlap method
Exploraspot provides objective data for assigning the optimum CL for each experiment, and for estimating the frequency of genuine double-producing cells. This method requires replicate wells of a sample that contains a measurable proportion of genuine double-color events. Matched and mismatched images were constructed from two replicate wells, A and B, of a Fluorospot of Th1 cells that produced MIP-1␣ and IFN-␥ (Fig. 3B) . Matched images were red(1) + green(1) and red(2) + green(2); and mismatched images were red(2) + green(1) and red(1) + green(2). The matched images therefore contained some genuine double-color events, whereas any apparent double-color events in mismatched images represented random overlap rather than genuine double-secretion. These four images were then analyzed by calculating the frequency of single-channel spots proximal to other spots in different channels over a range of distance intervals (Fig. 3C) . As expected, in mismatched images there was a very low frequency of neighbor spots at small distances, and the number increased steadily with distance. By contrast, in wells containing genuine double-color events, there was a much higher frequency of neighbor spots at small distances. At greater distances, the values for the matched images became very similar to the mismatched values. The interpretation of these results is that the mismatched images provide an estimate of the number of apparent double-color events that will appear randomly at each distance, and the excess of events in the matched images represents the number of genuine double-color events. Two values can be obtained from this analysis-first, the distance interval corresponding to the minimum of the frequency plot for matched images provides a reasonable compromise for the Coincidence Limit, ensuring that almost all genuine double-color events are identified while minimizing the number of spurious double-color events included (this value can be extracted even from a single image, although the comparison of matched and mismatched data greatly improves the precision of the measurement). Second, the comparison of matched and mismatched plots provides a sensitive measure of the presence of genuine double-color events. For example, in the experiment from which the images in Fig. 1B were derived, comparison of matched (6.09 ± 1.64%) and mismatched (2.13 ± 0.73%) double-color events within the Fig. 1C (A) or Fig. 1A (B-E) coincidence limit in the Th1 + Th2 mixtures confirms that few if any genuine double-producers were present. This is important because the number of apparent double-color events increases with increasing quantity of input cells (Fig. 3D) , so that a substantial number of apparent double-color events may occur in crowded wells.
As the CL is user-assigned, the value can be obtained from the mismatched analysis described above, derived intuitively from inspection of the data, or a standard value can be used based on previous experience. For example, in most of our assays a CL of 5 pixels (i.e. 33.3 m) provides excellent results. The coincidence curves measuring the frequency of apparent doubles for matched and mismatched images can also be predicted from the number of spots, the area of the well, and the CL. Dividing the experimental curves by the predicted curve effectively removes noise from the frequency plot (Fig. 3E) , thus simplifying the identification of an optimal Coincidence Limit.
Multichannel events
After channel-specific image processing and coincidence determination, single-color Spot data elements are organized into higher-level structures called Events (Fig. 2B, step 3) . Coincident spots in two or more channels are assigned to the same event, and all remaining noncoincident spots are also unique events. Therefore the physical significance of an event normally corresponds to a single cell secreting one or more cytokines. In addition to the channel-specific parameters (Table 1 ) of the spots belonging to an event, each event also has three common parameters: Event Center of Mass (mean location of constituent Spot Centers of Mass); Identity (composed of one true/false value per channel, indicating presence or absence of a spot); and Well Location (row and column). The data structure for several sample Events is given in Table 2 .
Further analysis of fluorospot data
Spot and event data are exported from Exploraspot in Flow Cytometry Standard (FCS) 3.0 format to facilitate analysis in the flow cytometry analysis programs in which many researchers are proficient. This allows convenient analysis of relationships between all the parameters measured by Exploraspot, within and between samples, as well as providing excellent gating functions, batch processing and graphical presentation. For example, the differences in spot intensities after different assay times (Fig. 4) show that with increasing assay times, more cells become activated, and higher amounts of cytokine accumulate per spot. Flow cytometry analysis programs are particularly useful for Fluorospot assays detecting three or more secreted products, which cannot be visualized easily in a simple 2D plot.
In contrast to flow cytometry, however, all Fluorospot Events detected by Exploraspot must contain a spot in at least one fluorescent channel. A second difference from flow cytometry is that if an event contains no spot for a particular channel (e.g. Fig. 2B , step 3, event: e1-red), the data point cannot be plotted numerically on the axis for that channel. Although this data could be plotted by assigning a value of 0 to all null channel parameters, a more accurate representation of the data is shown in Fig. 5 . The large, square plots show the conventional 2D plot of events with detectable spots in both channels, two separate boxes show the single-axis values of events that have no values in the other channels (positions on the non-value axes have been randomized to enhance visibility). The fourth box shows events that are negative in both of the channels plotted, and therefore can only contain events in assays with three or more colors.
Robustness of algorithm
Exploraspot's methods for approximating background allow reliable detection of spots even in the presence of the nonuniform image backgrounds that occur in some assays due to inherent properties of some cell preparations, antibodies, or operator expertise. To demonstrate this, Th1 IFN-␥ Fluorospots were quantified by Exploraspot in the following normal and combined images: normal background (Fig. 6A) , normal + additional low background (Fig. 6B) , and normal + high background (Fig. 6C) . Ideally, the Fluorospot numbers, locations and intensities in the combined image should be the sum of these values in each of the component images, i.e. spots should be neither lost nor gained as a result of the image additions. Fig. 6D shows good agreement between predicted and actual Fluorospot numbers for the three sets of images. When low background was added (increasing the overall background variance 3.6 ± 1.2-fold), the locations of the spots were highly conserved (98.65%) and spot intensities also correlated well (r = 0.9828). Even when high backgrounds were added (increasing the overall background variance 12.3 ± 4.0-fold), the locations and intensities of the spots were still wellconserved (97.99% and r = 0.9755, respectively). Thus due to the spot-finding algorithm's tolerance of background variability, there were minimal effects of the noise contributed by adding two images.
Comparison to other methods
Although the Fluorospot, Elispot and intracellular cytokine staining (ICS) methods should enumerate all cytokine- secreting cells, there are significant differences between these methods. Spot assays normally detect cytokine secreted over a longer time period than intracellular staining, so heterogeneity in the time of cytokine synthesis may alter results obtained by intracellular staining. Also, the amount of cytokine per cell varies over a wide range, and so differences in sensitivity of different antibodies in each assay may change the detection threshold. To compare Fluorospot versus ICS methods, human PBMC were purified and stimulated with inactivated influenza X31 antigen, then production of IFN␥ and IL2 was measured using both Fluorospot and ICS methods ( Table 3) . The overall pattern of the response was similar between the two methods, although the Fluorospot detected substantially higher numbers of cytokine-secreting cells (particularly for IL-2), and the signal:noise ratio was slightly better in the Fluorospot. The ratio of detection of IL-2 and IFN␥ in the Fluorospot could be influenced by the ratio of the amounts of coating antibodies (data not shown) and similarly, the sensitivity of ICS could be altered by changes in the duration of stimulation or reagent concentrations. Note that results are expressed as cytokine-secreting cells detected per million input PBMC, to allow direct comparison of the two methods. Unavoidable cell losses during tissue culture, staining and flow cytometric analysis substantially reduce the ICS frequencies. 
Discussion
The ability of the Fluorospot assay to detect cytokine secretion is comparable to other methods, but the complexity of the data obtained from each channel in multicolor Fluorospot assays requires careful processing. As in Elispot assays, accurate and objective spot identification and counting are essential, and additional information can be obtained from spot morphology, intensity and size. However, significant differences between channels can occur in a multicolor image for a number of reasons. Preexisting plate conditions can cause variation in background noise and intensity, or affect the inclusion and frequency of artifacts. Different antibody/cytokine combinations can influence spot morphology, and cell movement, cytokine secretion kinetics and convection can affect spot frequencies, locations and morphologies. Directional versus omnidirectional cytokine secretion [17, 18] should not significantly affect the image locations, as a lymphocyte is about the size of 1 pixel. While background variations should be minimized by pre-screening plates for high-quality lots, other sources of variation between channels are difficult to control, and may in fact be informative (e.g. regarding cell migration). Thus for multicolor Fluorospot analysis, it is critical to independently locate and quantify spots separately in each channel, rather than by combining channels prior to defining spots. For example, if a combined spot perimeter was used, a large spot in one channel would cause a large unnecessary background component to be added to a small spot at the same location in another channel. The Exploraspot software provides the necessary independent multichannel analysis, and also includes detailed measurement of spot morphology parameters for analysis of both Elispots and Fluorospots.
A critical additional feature of Fluorospot analysis is to decide whether spots in different colors at almost the same location are independent or coincident events. Ideally, a cell secreting three cytokines would produce similar spots in all three channels, and all three spots would have the same center of mass. In practice, spots in different channels can have different morphologies and thus different Centers of Mass due to the differences described above. To determine whether spots in two channels were produced by a single cell, or two independent cells, we considered two strategies: evaluating the total area of overlap between spots in different channels, or measuring the distance between the centers of mass of the two spots. The overlap between spots will be strongly dependent on the size of the two spots, which is in turn dependent on the amount of protein secreted by the cells, and also on some non-biologically significant parameters such as the amount and affinity of coating antibody in the Fluorospot assay. Neither of these parameters is linked to the probability that any two spots in different channels are produced by the same cell. In contrast, the distance between the centers of mass of two spots produced by the same cell should be dependent on the distance migrated by the cell during the secretion of two cytokines that are synthesized with different kinetics. This parameter should also be affected uniformly by small errors in stage alignment between different color images. Therefore the proximity analysis in Exploraspot uses the distance between the centers of mass to determine whether spots in different channels are likely to have been produced by a single cell.
Thus Exploraspot has several strong multicolor image analysis tools, many of which are not available in other single-and multi-channel Elispot analysis programs, e.g. AID (http://www.elispot.com). The independent determination of spots in each channel, and subsequent proximity analysis, have several advantages as described above. Exploraspot can analyze several channels, limited only by computer processing power (e.g. 10 channels on a typical desktop computer). The ability to export data as .fcs files, in addition to text and Excel files, allows convenient analysis of multi-parameter data by existing powerful flow cytometry programs. Exploraspot runs on Mac or Windows computers, requiring only MATLAB for operation. The random coincidence measurement tools in Exploraspot also provide strong methods for determining the significance of two-color spots in crowded images. As the number of events in a well increases, the measured number in a single channel may be underestimated because of overlap between spots (in the same channel) due to random juxtaposition of cells. Larger numbers of spots, larger sizes of individual spots, or irregular-shaped spots will all contribute to underestimation of events in a single channel. By combining images from replicate wells in a single channel, the counting function of Exploraspot provides a practical way to estimate the magnitude of the loss due to overcrowding. If the number of spots detected in the combined image is similar to the sum of the spots detected in the two component images, then it is likely that the spots in the original images are accurately counted with little loss due to overcrowding. This is a stringent test because the number of spots in the combined image is doubled, thus overestimating potential overlap. If significant numbers of spots are lost due to random overlap, the results need to be further analyzed, or preferably a lower dilution of cells should be used in the assay.
For the images processed so far, our present resolution (1500 pixels/cm, 8 bits per channel) is an appropriate compromise between finding small spots, and keeping files small enough for rapid processing and efficient data storage. It is also possible to magnify small regions within a well, and reconstruct a high-resolution image when necessary.
The ability of Exploraspot to identify objects in multicolor fluorescent Elispot images also provides a method to quantify objects in other images. For example, Exploraspot has been used to quantify fluorescent cells in histological sections, and to determine the relative staining by multiple fluorescent antibodies [19] . Further applications may emerge, as Exploraspot can potentially quantify the numbers and properties of multicolor objects in any image, provided the objects can be defined as discrete events.
